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Abstract 


Fatigue crack closure during crack growth testing is analyzed in 
order to evaluate the critieria of ASTM Standard E647 for measurement 
of fatigue crack growth rates. Of specific concern is remote closure , 
which occurs away from the crack tip and is a product of the load history 
during AK-reduction fatigue crack growth testing. Crack closure 
behavior is characterized using relative displacements determined from 
a series of high-magnification digital images acquired as the crack is 
loaded. Changes in the relative displacements of features on opposite 
sides of the crack are used to generate crack closure data as a function 
of crack wake position. For the results presented in this paper , remote 
closure did not affect fatigue crack growth rate measurements when 
ASTM Standard E647 was strictly followed and only became a problem 
when testing parameters (e.g. t load shed rate , initial AK, etc.) greatly 
exceeded the guidelines of the accepted standard. 

Introduction 

Fatigue crack growth (FCG) test data are most commonly presented in plots of FCG rate (da/dN) as a 
function of the cyclic crack-tip stress intensity factor, AK, herein called the crack driving force. A 
schematic of a typical FCG rate curve is shown i n Figure 1 . Usi ng logarithmic axes, typical engi neeri ng 
alloys exhibit a linear FCG-rate-versus-AK relation at intermediate AK values (Paris regime), with crack 
growth rates rapidly increasing at higher AK values (near the fracture toughness) and with rapidly 
decreasing rates as a FCG threshold (AK th ) is approached (ref. 1). The near-threshold region, 
characterized by slow crack growth rates, is of pri mary concern to the authors. Accurate determi nation of 
AK th is of practical importance for life prediction of many components due to the extremely slow FCG 
rates, and the tendency of the crack driving force, AK, to increase with increasing crack length. The 
majority of fatigue life for many aircraft components is consumed near the threshold and small changes in 
AK th can significantly affect the predicted fatigue life. Therefore, it is important to characterize the crack 
growth threshold (AK t h), and understand mechanisms that influence threshold, most notably crack closure, 
the crack-face contact that occurs during cyclic loading (refs. 2-5). 

Naturally-occurring cracks initiate under near-threshold loading conditions and propagate under 
increasing-AK conditions. Development of FCG rate curves is problematic in that test cracks can not be 
practically started in the threshold region, mimicking service conditions by generating the entire FCG 
curve under increasing AK conditions. For practical reasons, tests are typically started in the Paris regime 
(intermediate AK values) while the applied loads are gradually reduced such that AK values decrease as 
the crack propagates, as i ndicated by the dashed-red curve i n Figure 1 . Care must be taken to ensure that 
this artificial loadi ng does not affect the fatigue crack growth rate data. ASTM standard E647 (“Standard 
Test Method for Measurement of Fatigue Crack Growth Rates”) was developed to ensure satisfactory test 
results are obtained (ref. 6). 

Recent research suggests that performing crack growth tests under AK-reduction conditions can 
adversely affect the FCG data (refs. 7, 8) due to a test-history-induced crack closure phenomenon. 
During cyclic loading, crack faces can contact before the load reaches the minimum value, a phenomenon 
called crack closure, which is naturally occurring, and typically occurs near the crack tip (see Figure 2a). 
However, when crack closure is a product of the load reduction method, such that contact away from the 
crack tip occurs first (termed “remote closure”; see Figure 2b), the FCG data are affected in an artificial 
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way, i.e., the results would be a product of the test history and not an indication of the mechanical 
performance. Here, remote closure is assumed to be a product of high crack-tip plasticity created at high 
AK near the start of the FCG test. 



Remote closure will likely result in artificially high values of AK t h, as shown schematically in Figure 
3, because the reduction i n the crack-tip drivi ng force is a result of the crack-wake load history rather than 
the mechanical performance of the material. In the absence of remote closure, the FCG threshold would 
be AK t hi, but due to remote closure that may develop as a threshold test progresses, a threshold value of 
AK t h2 is obtai ned. I n this example, if the non-conservative threshold value of AK th2 is used i n the design 
of a component, premature failure may occur. 

Although A STM standard E647 appears to produce good data for a wide range of materials, it was 
developed to be material independent. However, the level of crack-tip plasticity and, therefore, the 
likelihood of remote closure, is dependent on material behavior (e.g., yield stress). Further, a significant 
practical concern with the standard is that as a test approaches the threshold region, the FCG growth rates 
become very slow, which requi res extensive amounts of machi ne ti me. Accelerati ng the test, especial ly 
near the threshold region, would greatly improve testing efficiency if it could be done without sacrificing 
the quality of the results (i.e., no remote closure). Therefore the objective of this study is to investigate 
the possibility of exceeding the ASTM standards, using aluminum alloys, without producing remote 
closure. Ultimately this approach should be used as an experimental approach to obtain an optimized 
testing procedure.* In this paper, data from FCG tests done, both in accordance with, and in violation of, 
ASTM Standard E647 will be analyzed to obtain detailed fatigue crack closure profiles to characterize 
crack closure duri ng the testa 


' Here, optimization means determining the most rapid (in terms of machine time) load history that will achieve 
FCG threshold conditions without remote closure. 
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Closed 



Open 



(b) Remoteclosure. 


Figure 2. Schematics of fatigue crack closure scenarios: (a) Crack tip closure and (b) Remoteclosure. 



Figure 3. FCG Rate curves illustrating likely changes in AK th when remote closure occurs (AK th2 ) and in the absence 

of remote closure (AK th1 ) (ref. 5). 
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Testing 


Fatigue crack growth tests were performed using closed-loop servo-hydraulic test machines with 
constant amplitude sinusoidal loading. With only noted exceptions, testing was conducted in accordance 
with A STM standard E647 using eccentrical I y-loaded single-edge notch tension (ESE(T)) specimens (ref. 
9) having width, W, and thickness, B, of 38.1 mm and 2.3 mm, respectively. A computer-controlled 
system (ref. 10) was used to continuously monitor crack length during testing using the back-face 
compl i ance techni que ( ref . 1 1 ) . Thi s system automati cal I y adj usts I oads as the crack grows to ensure that 
programmed stress intensity factors are applied throughout the tests. 

Crack closure data was obtained by analyzing a series of high-magnification (300-700X) images of the 
crack obtained during cyclic loading. A photograph of the equipment used (microscope, digital camera, 
and test machine) is shown in Figure 4. A random pattern of 4 pm speckles was deposited on specimen 
surfaces in the region of crack growth to provide features whose motion can be tracked as a function of 
load in the digital images. A photograph of a specimen with afield of speckles applied to the surface is 
shown in Figure 5. At high-magnification (lower portion of Figure 5), individual speckles can be seen. 
The relative displacement of features on either side of the crack is used to determine when crack closure 
occurs. The cyclic loading was slowed to 0.01 Hz (one load cycle per 100 seconds) and images were 
captured every second for more than two complete load cycles (240 total i mages). 



Figure 4. Servo-hydraulic test stand and digital camera with microscope. 
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Figure 5: Sped men with speckle pattern. 


Digital Image Correlation 

The digital image correlati on system provides 2D displacement data from the series of pictures taken 
during the test. The digital images captured during cyclic loading were anal yzed using VI C-2D (ref. 12), 
an image processing program developed by Correlated Solutions, lnc. f Digital images of the speckled 
regions of the sped men were loaded i nto the i mage correlation system. An area of i nterest was selected 
on the first photograph, which defined the area where displacement data were taken. Over the entire 
selected area of interest, subsets of pixels are tracked in each image relative to their position in the 
reference i mage. This i mage correlation process results i n a series of displacement fields that can be post- 
processed in order to observe how the strain field changes throughout the load cycle. An example of an 
image correlation system generated strain field (syy, strain in vertical direction) for the wake of a loaded 
fatigue crack is shown in Figure 6. 


f Herein, VIC-2D will be referred to as “image correlation system.” 
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Figure 6. A typical image correlation system generated crack-wake strain field. 

Closure Analysis 

After the digital i mages were analyzed usi ng the i mage correlation system, the displacement data were 
analyzed using the Elber method to determine the load at which the crack closed (ref. 13). In this method, 
the crack-opening displacement at a point along the crack wake was plotted against load resulting in a 
compliance plot for that specific crack-wake location. Deviations in linearity on this plot indicate crack 
closure. A typical plot of crack opening compliance is shown in Figure 7a To better determine 
deviations from linearity, a least squares regression analysis was performed on the closure-free portion of 
the compliance plot. The error was then calculated between the data points and the regression line. These 
error values were then plotted against load; this is called a reduced compliance plot. A typical plot of 
reduced compliance is shown in Figure 7b. Two regression lines were then fit to the reduced compliance 
data The first is fit to the data that were assumed to be closure free (in the example of Figure 7b, all 
points above a load ratio of 0.6). The second is fit to data affected by closure (in this example, all points 
below a load ratio of approximately 0.3). The intersection of these two fitted lines was used as the load at 
which crack closure occurs for that specific crack-wake location. This method was repeated every five 
pixels (approximately 4 |im for the example of Figure 7) along the crack to produce a closure profile 
al ong the crack wake as i n Fi gure 7c. 
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Figure 7. Reduced compliance method as implemented in MATLAB.* 


* MATLAB isaregistered trademark of The Math Works, Inc. 
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Results 


To validate the image correlation system method, digital images from a test that had been previously 
analyzed using an older image correlation system were reanalyzed (ref. 5). Here, constant-AK fatigue 
crack growth testing was conducted on an aluminum alloy 8009 specimen at R = 0.05 and K max = 5.5 
MPaVm (AK = 4.95 MPaVm) until steady -state crack growth conditions were achieved. Testing was 
momentarily stopped while alumina slurry (Al 2 0 3 particles mixed with methanol) was introduced in the 
crack mouth to simulate a thick crack-mouth oxide layer. Fatigue loading resumed and the crack wake 
was analyzed after 130 pm of crack growth. The results of this previous study are shown in Figure 8 
using circular symbols. Crack closure levels in much of the crack wake occur near Redact (ratio of 
contact load and maximum load) of 0.5, as indicated by the horizontal red dashed line. Closure loads 
decrease between the location of the crack-wake particles (130 (.im from the crack tip) and the crack tip. 
Closure data obtained from the image correlation system (analyzing the same digital images) are also 
shown in Figure 8 (solid line curve). These data exhibit nearly the same behavior as the previous results 
suggesting that the image correlation system is able to reproduce the results from reference 5, but with the 
advantage of generating data at hundreds of additional crack-wake locations 



Figure 8. Comparison of image correlation system (VIC-2D) results with published results 

Preliminary results of this study have demonstrated that remote closure can occur when the testing 
parameters recommended by ASTM Standard E647 are greatly exceeded. Figure 9 shows the closure 
profile of an aluminum alloy 8009 specimen tested at constant-R = 0.1 conditions (initial = 11 
MPaVm and C = -393.7/m) § obtained using the image correlation system. The experimental results of 


§ The rate of change in AK during fatigue crack growth testing is characterized by the K -gradient, C. Negative 
val ues i ndi cate that AK val ues decrease as the crack propagates Standard test methods requi re C > -78.7/m. See 
ref erence 6 f or details 
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Figure 9 were taken after approximately 3mm of crack growth (AK = 3.3 MPaVm), which is approaching 
the R = 0.1 FCG threshold valuefor this al loy. High-magnification images were taken at three locations; 
near the crack tip, the location corresponding to the start of the AK-reduction test, and further behind the 
crack tip (corresponding to steady state pre-cracking at AK = 9.9 MPaVm, R = 0.1). Thistest exceeds the 
A STM standard E647 limits on the K-gradient, C, by a factor of 5. Here, remote closure is shown to 
occur because crack cl osure occurs i n the crack wake before occurri ng at the crack ti p. The hori zontal red 
dashed line in the figure corresponds to the mean normalized closure load (Pdosure/Pmax = 0.21) of the crack 
wake. In comparison, the crack tip closes later (at a lower load Pdosure/Pmax = 0.12), which is the definition 
of remote closure, and is assumed to be an artifact of the test procedure. 


Aluminum alloy 8009 
Constant-R = 0.1 , C = -393.7/m 
AK| = 9.9 MPaVm, AK = 3.3 MPaVm 
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Figure 9. Closure profile for a specimen of aluminum alloy 8009 with initial K max = 11 MPaVm (AK = 9.9 MPaVm) 

and C = -393.7/m. Remote closure occurs. 


However, experimental results also show that the guidelines of ASTM standard E647 are overly- 
conservative for some load scenarios. Figure 10 shows the closure profile (crack closure loads as a 
fundi on of di stance behi nd the crack ti p) of a sped men of an al umi num al I oy 8009 sped men tested at an 
initial K^* = 1 1 MPaVm and C = -393.7/m. The data presented in Figure 10 correspond to a AK = 7.4 
MPaVm, after 800 pm of crack growth from the start of the test. Here, crack closure occurs in the crack 
wake at approximately Pdosure/Pmax = 0.25, as indicated by the horizontal red dashed line. Closure loads 
(Pdosure/Pmax) i ncrease cl oser to the crack tip (within 100 pm of the crack tip), increasing to approximatdy 
Pdosure/Pmax = 0.36 at the crack tip. In this case, crack closure occurs first at the crack tip with closure 
occurring in the crack wake at lower loads, in a manner characteristic of steady-state crack closure in the 
absence of load history effects (ref. 14). 
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Distance behind crack tip (pm) 

Figure 10. Closure profilefor aspecimen of aluminum alloy 8009 with initial K max = 11 MPaVm (AKj = 9.9 

MPaVm) and C = -393.7/m. No remote closure. 

A test with the same conditions as in Figure 10 was conducted on an aluminum alloy 2024 specimen, a 
material with different crack closure characteristics. These constant-R = 0.1 FCG data are presented in 
Figure 11 (initial K max = 11 MPaVm and C = -393.7/m). Crack closure data were acquired after 
approximately 1 mm of crack growth from the start of the test, corresponding to a AK = 6.7 MPaVm 
(nearly the same AK value as for the data of Figure 10). Crack closure occurs in the crack wake at 
approximately Pdosure/Pmax = 0.60, as indicated by the horizontal red dashed line. Closure loads 
(Pdosure/Pmax) decrease closer to the crack tip (within 100 pm of the crack tip), reaching approximately 
Pdosure/Pmax = 0.3 near the crack tip. Here, the first crack closure event (highest Pdosure/Pmax) occursin the 
crack wake (distance from crack tip > 100 pm) meaning that remote closure occurs, presumably as a 
product of the load history. 

A final example is presented that conforms with ASTM Standard E647. Here, aconstant-R = 0.1 FCG 
test is conducted on an aluminum alloy 7055 specimen (initial AK = 5.94 ksiVin, C = -78.7/m). Crack 
closure datafor thistest are presented in Figure 12 after approximately 2.5 mm of crack growth (from the 
start of the AK -reduction test), corresponding to an applied AK = 4.95 MPaVm. Crack closure in the crack 
wake, near the start of the test, was determi ned to be approxi mately Pdosure/Pmax = 0.27. Withi n 400 pm of 
the crack tip, closure loads are shown to increase from this value (Pdosure/Pmax = 0.27) to approximately 
Pdosure/Pmax = 0.4 near the crack tip. This crack closure profile, characterized by the first closure event 
occurring near the crack tip with crack-wake locations closing at lower loads, is similar to that shown in 
Figure 10 and typical behavior of steady-state conditions, i.e., not affected by load history. 
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Distance behind crack tip (jam) 

Figure 11. Closure profile for aspecimen of aluminum alloy 2024 with initial K ma( = 11 MPaVm(AKj = 9.9 

MPaVm) and C = -393.7/m. Remote closure occurs. 



Distance behind crack tip (pm) 

Figure 12. Crack closure profile for aluminum alloy 7055 with initial K max = 6.6MPaVm (AKi = 5.94MPaVm) and 

C = -78.7/m. Remote closure does not occur. 
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Discussion of Results 


Digital image analysis (VIC-2D) has been used to characterize crack closure along the wake of a 
propagating crack during constant-R AK-reduction testing. Although unnatural (meaning that this is not a 
load history typical of service cracks), generating FCG data using this test method is practical as long as 
the load history does not affect the resulting FCG test results. Despite some studies that suggest 
following ASTM Standard E647 can result in remote closure and artificial ly-high values of AK th (refs. 7, 
8), the results presented in this paper suggest otherwise. Two examples were shown (recall Figures 10 
and 12) where the AK-reduction test did not result in remote closure, despite the fact that in one case 
(Figure 10) the ASTM criterion on the K-gradient (C > -78.7/m) was violated by afactor of 5. Therefore, 
the results presented in this paper suggest that the AK-reduction testing prescribed by ASTM standard 
E647 is not only capable of producing good data (meaning not affected by remote closure), but is likely 
overly conservative i n that tests may be able to operate at faster AK-shed rates without produci ng remote- 
closure-affected data Further study is needed to determi ne an opti mal load history.” 

An optimal load history for AK-reduction testing will likely be material dependent. Consider the 
difference in the observed crack closure characteristics between Figures 10 and 11, despite being 
subjected to nearly identical load histories. In this case, the most significant difference between these 
tests is the alloys. The tests corresponding to Figures 10 and 11 were performed on aluminum alloys 
8009 and 2024, respectively. Aluminum alloy 8009 is a very fine-grained (typical grain diameter 
approximately 0.5 jam) powder- metallurgy alloy having an elastic modulus and yield stress of 87.6 GPa 
and 419.9 MPa, respectively (refs. 15-17). Aluminum alloy 2024 has a relatively coarse microstructure 
(typical grain size 70-150 pm) and has elastic modulus and yield stress of 71.7 GPa and 350.3 MPa, 
respectively (refs. 18, 19). Although these alloys have similar tensile properties, the fine-grain alloy 
(8009) wasfreeof remote closure while the coarse-grain alloy (2024) was affected by remote closure, at 
I east for the test conditions associated with FigureslOand 11. Differences in crack-path roughness might 
be a factor, but additional study is needed before conclusions can be made. 

Summary 

This research has shown that remote closure may occur, especially when the criteria of ASTM 
standard E647 are violated. However, results presented in this paper suggest that the current standard is 
overly conservative for some test and material combinations such that the criteria of ASTM E647 can be 
violated without inducing remote closure. Any procedure for optimized load shedding (allow most rapid 
load shedding without sacrificing data integrity) should consider specific material properties, but more 
research i s needed to determi ne whi ch materi al properti es are i important. 
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’’ Here, optimal meansthe fastest AK-reduction test that does not result in remote closure. 

13 



References 


1. P.C. Paris and F. Erdogan, “A Critical Analysis of Crack Propagation Laws,” Journal of Basic Engineering , 

Transactions of the ASM E, Dec. 1963, pp. 528-534. 

2. W. Elber, “Fatigue Crack Closure Under Cyclic Tension,” Engineering Fracture Mechanics, Volume 2, 1970, pp. 

37-45. 

3. J. A. Newman, and R. S. Piascik, “Plasticity and Roughness Closure Interactions Near the Fatigue Crack Growth 
Threshold,” Fatigue and Fracture Mechanics: 33rd Volume, ASTM STP 1417, W. G. Reuter and R. S. Piascik, 

Eds., ASTM International, West Conshohocken, PA, 2002. 

4. S. Suresh, Fatigue of Materials, Cambridge University Press, 1991 , Cambridge, UK. 

5. J. A. Newman, The Effects of Load Ratio on Threshold Fatigue Crack Growth of Aluminum Alloys, Ph.D. 
dissertation, 2000, Virginia Polytechnic Institute and State University. 

6. ASTM Standard E647 “Standard Test Method for Measurement of Fatigue Crack Growth Rates.” 

7. J.C. Newman, Jr. and Y. Yamada, “Compression Precracking Methods to Generate Near -threshold Fatigue-crack 
growth-rate Data,” International Journal of Fatigue , i n press as of August 2009. 

8. S.C. Forth, J. C. Newman, Jr., and R.G. Forman, “On Generating Fatigue Crack Growth Thresholds,” 

International Journal of Fatigue, Vol. 25, 2003, pp. 9-15. 

9. R.S. Piascik, J.C. Newman, Jr., and J. H. Underwood, “The Extended Compact Tension Specimen,” Fatigue and 
Fracture of Engineering Materials and Structures, Vol. 20, 1997, pp. 559-563. 

10. Fracture Technology Associates, 8VHU^VU5HIHUHQFmODQXDOUIRUU$XWRPDWHGU)DWLJXHn&l]pFm*URZWK\l 
Version 2.43, Fracture Technology Associates, Bethlehem, PA. 

11. W.F. Deans, C.B. Jolly, W.A. Poyton, and W. Watson, “A Strain Gauging Technique for Monitoring Fracture 
Specimens During Environmental Testing,” Strain, Vol. 13, 1977, pp. 152-154. 

12. M.A. Sutton, J.-J. Orteu, and H.W. Schreier, Image Correlation for Shape, Motion and Deformation 
Measurements, Springer Science Business Media, New York, NY, 2009. 

13. W. Elber, “Crack Closure and Crack Growth Measurements in Surface -FI awed Titanium Alloy Ti-6AI-4V,” 

1975, NASA TN-D-8010. 

14. W.T. Riddell and R.S. Piascik, “Stress Ratio Effects on Crack Opening Loads and Crack Growth Rates in 
Aluminum Alloy 2024,” NASA/TM-1 998-206929. 

15. A.P. Reynolds, “Constant Amplitude and Post-Overload Fatigue Crack Growth Behavior in PM Aluminum 
Alloy AA 8009,” Fatigue and Fracture of Engineering Materials and Stuctures , Vol . 15, 1 992, pp. 551 -562. 

16. G.H. Bray, A.P. Reynolds, and E.A. Starke, Jr., “Mechanisms of Fatigue Crack Growth Retardation Following 
Sngle Overloads in Powder Metallurgy Aluminum Alloys,” Metallurgical Transactions , Vol. 23A, 1992, pp. 

3055-3066. 

17. W.C. Porr and R.P. Gangloff, “Elevated Temperature Fracture of RS/PM Alloy 8009: Part I. Fracture Mechanics 
Behavior,” Metallurgical and Materials Transactions, Vol. 25A, 1994, pp. 365-379. 


14 



18. J.E. Hatch, Editor, Aluminum: Properties and Physical Metallurgy, American Society for Metals, Metals Park, 
OH, 1984. 

19. J.R. Davis> Editor, Aluminum and Aluminum Alloys, ASM International, 1993. 


15 



REPORT DOCUMENTATION PAGE 


Form Approved 
OMB No. 0704-0188 


l 

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, 
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this 
collection of information, including suggestions for reducing this burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and 
Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person 
shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number. 

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 


1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To) 

01-05-2010 T echnical Memorandum 

4. TITLE AND SUBTITLE 

Fatique Crack Closure Analysis Using Digital Image Correlation 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 

Leser, William P.; Newman, John A.; Johnston, William M. 

5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

645846.02.07.07.03.01 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

NASA Langley Research Center 
Hampton, VA 23681-2199 

8. PERFORMING ORGANIZATION 
REPORT NUMBER 

L-19865 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

National Aeronautics and Space Administration 
Washington, DC 20546-0001 

10. SPONSOR/MONITOR'S ACRONYM(S) 

NASA 

11. SPONSOR/MONITOR'S REPORT 
NUMBER(S) 

NASA/TM-201 0-21 6695 


12. DISTRIBUTION/AVAILABILITY STATEMENT 

Unclassified - Unlimited 
Subject Category 26 

Availability: NASA CASI (443) 757-5802 

13. SUPPLEMENTARY NOTES 


14. ABSTRACT 

Fatigue crack closure during crack growth testing is analyzed in order to evaluate the critieria of ASTM Standard E647 for 
measurement of fatigue crack growth rates. Of specific concern is remote closure, which occurs away from the crack tip and is 
a product of the load history during crack-driving-force-reduction fatigue crack growth testing. Crack closure behavior is 
characterized using relative displacements determined from a series of high-magnification digital images acquired as the crack 
is loaded. Changes in the relative displacements of features on opposite sides of the crack are used to generate crack closure 
data as a function of crack wake position. For the results presented in this paper, remote closure did not affect fatigue crack 
growth rate measurements when ASTM Standard E647 was strictly followed and only became a problem when testing 
parameters (e.g., load shed rate, initial crack driving force, etc.) greatly exceeded the guidelines of the accepted standard. 
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